ABSTRACT
INTRODUCTION

31
The Facility for Airborne Atmospheric Measurements (FAAM) is a publicly funded research 32 facility that, as part of the National Centre for Atmospheric Science (NCAS), supports atmospheric 33 research in the United Kingdom by providing an instrumented large atmospheric research aircraft (temperature, humidity and pressure data), aircraft attitude data, and 3-dimensional winds with a 5-port probe positioned on a 0.425m boom.
51
The aim of this paper is to investigate the air flow characteristics within the measurement zone
52
of the open-path instruments, for example the CIP100 and CDP as shown in Fig. 1 . Due to the 53 inertia of larger hydrometeors such as cloud and precipitation particles, these particles must be 54 measured by open-path instruments mounted on booms or pylons rather than with cabin-based 55 instruments which require inlets on the aircraft's skin Wilson and Jonsson (2011) . The open-path 56 instruments discussed in this work are laser based imaging probes which record particle shadows 57 on a one-dimensional detector array as they pass through the sample volume. A broad range of 58 particle sizes from tens of micrometres to several centimetres may be measured by this type of 59 instrument.
60
There are a number of factors which can affect the air flow characteristics within the measure- by lifting surfaces such as the wings, and pressure gradients generated by the engines may all affect of particles in a given time interval counted, a volumetric number concentration of particles can 77 be calculated. Hence, if the PAS diverges from the aircraft true air speed (TAS), and this is not 78 accounted for, the measured number concentration may be affected Korolev et al. (2012) .
79
Finally, convergence and divergence of flow lines may also change the concentration of particles 80 passing through the probe's sample volume relative to the ambient concentration Twohy and Rogers 81 (1993) . Again, this effect is dependent on the inertia for a range of particle sizes.
82
Therefore, understanding the air flow characteristics at different flight conditions may allow the 83 deviations in measured particle population, compared to the unperturbed ambient, to be compen-84 sated for. At the very least, the impact on the uncertainty of the measurements will be revealed.
85
Clearly, these features are highly aircraft/instrument specific, but are analysed here for a as an example of the methodology which can be employed to better understand the performance 87 and correlation of instruments used in atmospheric research.
88
Flow modelling for the aircraft was done during the initial conversion of the aircraft for its current 89 atmospheric research role using a very simplified shape representation and standard Engineering Normally, the AIMMS data is calibrated for a particular position on the aircraft by performing a 95 series of prescribed manoeuvres that are designed to account for the position of the probe relative 96 to the centre of the aircraft, for computing the attitude solution, and for any flow perturbations due 97 to the aircraft. However, for this study, the AIMMS wind data was processed without the second set 98 of calibration coefficients applied to obtain the raw air flow vector. The AIMMS data thus provides 99 actual angle of attack (AOA) and sideslip (AOSS) as measured at the location of the probe.
the overall mesh quality. Several mesh densities were produced in order to refine the model, the 117 coarsest of which had 6 million cells and the finest 15 million. The cylindrical domain was specified Simulation parameters were specified to represent cruise conditions for which reliable flight-test 128 data had previously been acquired, see Table 2 .
129
Adequate convergence of the solutions was considered when RMS perturbations of the lift and 130 drag coefficients were less than 1 × 10 −4 , Roache (1998). This was achieved by initially specifying a first order solution, and then gradually blending in the second order terms until a full second order 132 solution had converged, and was typically achieved in approximately 35,000 iterations.
133
Prior to conducting the full matrix of CFD simulations using the developed model, two test cases 
Viscous and Inviscid Solver Comparison
173
For the flight envelope considered in this paper, as seen in Table 2 , the Reynolds numbers are 174 of magnitude 10 7 . At high Reynolds number conditions such as these, the turbulent boundary 175 layer on the probe is calculated to grow up to approximately 8mm (using δ ≈ 0.37x/Re 1/5 x where 176 x = 0.425m is the length of the probe, Re is calculated based on the conditions given in Table   177 2, and a zero pressure gradient is assumed due to the constant diameter of the probe boom) and 178 hence would not affect the airflow at the other three instrument positions as there is a minimum 179 horizontal/vertical separation of 0.56m. Furthermore, due to the length of the probe boom, the 180 measurement location is well upstream of any congestion effects caused by the stagnation point on 181 the canister dome, as discussed by Korolev in Korolev et al. (2012) . model. This allowed significant computational expense can be spared by reducing the size of the 189 mesh due to the omission of the prism layers, and using an inviscid solver in Fluent.
190
Anti-Icing Vents
191
It is worth noting that the aircraft has anti-icing vents on the underside of the wings. This is 192 essentially a bleed air system which routes hot air from the engines to outlets on the lower surface 
Final Model and Identification of Comparable Flight Test data
197
In the subsections above, justification for inclusion of the engine effects, but using an unstruc- AOA as measured by the radome 5-port turbulence probe and TAS was found and shown in Table   210 2. 
219
RESULTS
220
The CFD results are compared to the in-flight AIMMS data for comparable conditions in potential error due to the ±3mm accuracy of the laser scan used to generate the aircraft model.
231
Both sets of data show that the air flow angle in the vicinity of the AIMMS probe is decreased 232 as compared to the freestream value. As discussed above, this effect is understood to be due to the 233 engines, redirection/deflection of the airflow around the aircraft, and the pressure field generated (∼25,000ft); The data was evidently much less susceptible to scatter due to turbulence, for example.
242
The uncertainty of individual AOA measurements of the AIMMS has not been included in the 243 calculation of the confidence intervals.
244
The CFD model performs well despite, in general, over predicting the AIMMS probe flow angle here are due only to the influence of the aircraft, the effect of the probes themselves is not included.
269
The design of the probes has been shown to have a significant compressive effect on the flow 270 through the sample volume but this depends on the design of the individual probes Weigel et al. flow into the CFD model is a subject of ongoing work.
279
IMPACT OF AIR FLOW ON OPTICAL ARRAY PROBES
280
Optical array probes were developed Knollenberg (1970) to determine the particle size distribu- 
287
A simple model has been made that digitises an arbitrarily-shaped particle with a 64 pixel linear arms horizontal, the vertical airflow perturbations would be relevant.
299
The two dimensional image measured by the CIP is used to classify the three dimensional 300 size and shape of the particle and there are a number of common methods for allocating a size 301 to a particle of arbitrary shape Korolev and Isaac (2003); Wu and McFarquhar (2016) . Fig. 9 302 shows a synthetic hexagonal plate undergoing the same flow perturbations and sampling as for 
313
In order to illustrate the effect of stretch and skew, Fig. 10 shows the size scaling factor; that is 314 the ratio of reported size for a perturbed particle image to that of the unperturbed particle image, case, however the same process was applied to a square, hexagonal plate (Fig. 9) , a six-sided star 319 switching between inboard and outboard positions. 
